Abstract: The aim of this study was to determine the effect of waterlogging on annual regeneration in the dwarf birch (Betula nana L.), and to determine which demographic factors are responsible for the absence of B. nana in the waterlogged parts of a peat-bog. Growth parameters and demographic data were collected from 2001 to 2003 at four sites in the Linje peat bog in the Che lmno Lake District in northern Poland. Three of the sites represented waterlogged open bog communities. The fourth site served as the reference. The density of first-year ramets, annual shoot growth, and the proportion of flowering shoots was significantly lower at the waterlogged sites than at the reference site. No seedlings were found during the course of the study, even though flowering and fruit production took place at the reference site. The flowering shoots were mainly between nine and thirteen years old. Ramets in this age range were found only at the reference site due to high mortality in mature ramets at the waterlogged sites. Mean ramet height was significantly lower at the waterlogged sites than at the reference site, and was strongly correlated with mean ramet age. The distribution of B. nana in peat bogs is limited primarily by two demographic factors: the high mortality rate in older ramets, and the low rate of vegetative reproduction. Another contribution factor is that the proportion of older fertile ramets is low. The effects of fluctuations in the water table on distribution of B. nana are also discussed.
Introduction
Ground-water level is one of the most important factors that affect the development of plants in wetland habitats. In peat bogs, water availability generally does not limit plant growth because peat soils have a high capillary capacity (Schweikle 1990 ). On the other hand, waterlogging can induce stress in plants by reducing the rate of peat mineralization and by creating anoxic conditions.
Waterlogging can interfere with plant growth, germination, seedling development and sexual reproduction. It can also cause premature senescence and death, thereby affecting the species composition of plant communities in wetland habitats (Gunarsson & Rydin 1998; Kozlowski 1997; Lenssen et al. 2000 Lenssen et al. , 2003 .
The water table gradient is a major factor that determines the distribution of plants growing on nutrientpoor soils in peat bogs and in the arctic tundra (Ostendorf & Reynolds 1993; Nordbakken 1996) . Soil water content can determine the pool of plant species in a particular wetland environment (Lenssen et al. 2003) .
Hydrological conditions can also affect light availability by determining the structure of a plant community. A drop in the water level in a peat bog brings about changes in the vegetation growing there. For example, woody plants begin to develop, which creates less favorable conditions for light-demanding plant species (Laine et al. 1995 ).
Changes in the water level can therefore affect not only soil water content, but also soil temperature and the quality and intensity of light in the vegetation layer (Breshers et al. 1997 (Breshers et al. , 1998 Frank & Schmeidl 2000) . By affecting the light regime in a given environment, hydrological conditions indirectly determine the distribution of wetland species (Kotowski et al. 2001) . Environmental changes can greatly increase or reduce the abundance of a particular plant species, especially near the edges of its geographical range. Environmental changes can even cause the disappearance of a species from particular habitats (Gaston 1990) .
The level of the water table seems to be the main factor determining the abundance and population dynamics in the dwarf birch (Betula nana L.). Betula nana is a clonal shrub which grows in peat bogs and tundra environments. It grows up to one meter in height, and often forms dense thickets. It has highly branched shoots which can be prostrate or ascending (de Groot et al. 1997; Jonsell 2000) .
B. nana grows in Iceland and throughout the northern regions of Europe, Asia and North America. In central Europe, it can be found in isolated assemblages in mountainous regions, including the Alps, the Jura, the Ardennes, the Sudety and the Carpathians, and only rarely in lowland habitats (Jalas & Suominen 1976) . In Poland, the B. nana survives as a glacial relict in three localities, two in the Sudety, and one in Pomerania.
c 2008 Institute of Botany, Slovak Academy of Sciences B. nana is listed as endangered in Germany, the Czech Republic, Lithuania and Belarus. In central Europe, extinctions of populations of B. nana are probably caused by the increased competition which follows changes in hydrological conditions (Gostyńska-Jakuszewska & Lecavičius 1989) . In southern Finland, the abundance of B. nana has significantly decreased over the past twenty or thirty because of the drainage of wetlands. The general effect of hydrological conditions on population abundance supports this conclusion (Ejankowski 2004) .
On the other hand, the effect of waterlogging on regeneration and population structure in B. nana has not yet been determined, although it is probably a significant factor in heterogeneous environments such as peat bogs. Betula nana appears to be sensitive to waterlogging, and prefers to grow on elevated hummocks and the drier parts of wetland and tundra environments (Ebert & Ebert 1989; Virtanen et al. 1999) . Nevertheless, clonal assemblages of B. nana can extend into nearby waterlogged areas. In theory, waterlogging can affect the distribution and population dynamics of a species, and therefore has to be taken into account when predicting how environmental changes can affect the population in the future.
The aim of this study was to determine the effect of waterlogging on annual regeneration in B. nana and to determine which demographic factors are responsible for the absence of B. nana in the waterlogged parts of a peat-bog.
Material and methods
The study was carried out in the Linje peat bog in the Che lmno Lake District in northern Poland (53 • 11 N, 18 • 19 E). Betula nana grows mainly on an area covering about one hectare in the central part of the raised bog. This area is predominantly covered by open bog vegetation and by plant communities dominated by bushes, in particular Ledum palustre and Vaccinium uliginosum. This area is surrounded by a transitional bog including scrubs and forests.
Growth parameters and demographic data were collected from 2001 to 2003 at four sites next to the zone covered by L. palustre and V. uliginosum. Three of the sites represented waterlogged open bog communities. The fourth site represented a dwarf birch scrub community, and served as the reference. In order from wettest to driest, the herbaceous layer on the plots was dominated by the following plant species: Carex rostrata (Site A), Eriophorum vaginatum (Site B), Eriophorum angustifolium (Site C), and Betula nana (reference site R).
Plots were staked out at the four sites. Each plot was five meters long and two meters wide. In 2001, each plot was subdivided into ten one-meter squares. In 2002 and 2003, each plot was subdivided into 160 parts, each with an area of 0.0625 m 2 . Depending on the abundance of the dwarf birch, between 50 and 500 one-year-old long shoots were measured at each plot. The effect of competition was negligible and was therefore not taken into account.
Abundance was recorded in terms of the number of ramets (Harper 1977) . Vegetative growth, the effect of sexual reproduction on regeneration, and mortality were studied at the four sites. Vegetative reproduction was assessed by counting the number of first-year ramets per square meter in each year of the study.
Mortality rates were evaluated by comparing the number of ramets on permanent plots in consecutive years. The mortality rate was determined separately for young unbranched ramets and mature branched ramets. Data were collected in August every year from 2001 to 2003. Ramets were categorized according to developmental stage as follows: Stage 1 -one-year-old unbranched ramets, Stage 2 -two-year-old unbranched ramets, Stage 3 -two-year-old branched ramets, and Stage 4 -branched ramets that were three or more years old. Developmental stage was determined using morphological criteria, including the number of shoot scars.
The number of fertile ramets was determined in the spring, female catkins were collected and the number of fruits was counted. The proportion of ramets that switched from the generative phase to the vegetative phase was determined using 25 marked generative ramets.
Samples for age and size measurements were collected in October and November, 2001. The age of fifty ramets at each site was determined by counting annual growth rings. Cross-sections of the ramets were dyed with Lugol's solution, which made the vessels clearly visible so that the growth rings stood out. Proportion of age groups in fertile ramets of Betula nana was determined generally from Sites A, B, C and R. Ramet length was measured to the nearest centimeter.
Hydrological conditions were studied in 2002. Precipitation that year was close to the average for the site, and temperatures were slightly higher than average (Kejna et al. 2004) . In every month from April to October the groundwater level was measured using piezometers.
Because the hydrological data did not fit a normal distribution, nonparametric tests were used. The water levels at the sites were compared using the Wilcoxon test. The sites were ranked, and the correlations between the demographic parameters and the ranks were determined using Spearman's test. All calculations were carried out according to Sokal & Rohlf (1995) . Calculations were performed with the help of the Statistica 7.1 software package.
Results
On average the water table was 4.6 cm deep at Site A, 7.3 cm deep at Site B, 8.6 cm deep at site C, and 11.9 cm deep at the reference site (Fig. 1 ). The differences between the reference site and Sites A, B, and C were statistically significant (Wilcoxon test, Z = 2.37, p < 0.05 for all sites).
Vegetative reproduction was highly dependent on hydrological conditions. The density of first-year ramets was negatively correlated with the degree of waterlogging (Spearman's test, R = −0.26, p < 0.001). The number of first-year ramets per square meter averaged 5.55 at Site A, 7.15 at Site B, 19.4 at Site C, and 8.45 at the reference site (Fig 2) .
High water level reduced elongation in long shoots. Annual shoot growth was significantly lower at Sites A, B and C than at the reference site (Spearman's test, R = −0.323, p < 0.001). The average annual increase in lateral shoot length was 56.8 mm at site A, 37.9 mm at Site B, 57.7 mm at Site C, and 71.1 mm at the reference site (Fig. 3) . The proportion of flowering shoots was highest at the reference site where the relative proportion of flowering shoots ranged from 1.48 to 4.12%, and the number of flowering shoots per square meter was 2.6 in 2001, 6.2 in 2002, and 4.5 in 2003 . No flowering shoots were found at all at Site A, and the proportion of flowering shoots was never above one percent at Sites B and C (Fig. 4) . The proportion of flowering shoots was highly negatively correlated with the The flowering shoots detected were mainly between nine and thirteen years old. Only a few were younger, and none were older than thirteen years old (Fig. 5) . Ramets nine years old and older were found only at the reference site.
The proportion of ramets switching from the vegetative phase to the generative phase decreased in waterlogged sites (Spearman's test, R = −0.84, p < 0.01). The proportion of ramets switching from the vegetative phase to the generative phase was never higher than 0.1% at Sites A, B and C, and ranged from 1.5% to 3.4% at the reference site. Usually, however, no transformation was detected at all at Sites A, B and C.
The proportion of ramets switching from the generative phase to the vegetative phase was strongly correlated with the water table deep (Spearman's test, R = 0.89, p < 0.05). The proportion of ramets switching from the generative phase to the vegetative phase was as high as 86% at Sites A, B and, C, but on 38 to 59% at the reference site. In some cases, all of the generative Effect of waterlogging on regeneration in the dwarf birch ramets had transformed into vegetative ramets within a two-year period. The abundance of B. nana in a particular habitat is determined by the reproduction rate and the mortality rate. In the present study, the mortality rate of the ramets varied from year to year (Fig. 6 ) and was strongly correlated with the developmental stage of the ramets. In young ramets, the mortality rate averaged 18.5% at Site A, 26% at Site B, 2.5% at Site C and 15.5 at reference site. The mortality rate in young ramets was not depended on water depth in the sites (Spearman's test, R = 0.319, p > 0.05). In mature ramets, the mortality rate was significantly higher at three waterlogged sites than at the reference site, and averaged 63% at Site A, 52% at Site B, 26% at Site C, and 16% at the reference site (R). The mortality rate in mature ramets was strongly correlated with the degree of waterlogging (Spearman's test, R = 0.908, p < 0.01).
Population density also depended on hydrological conditions (Fig. 7) . The number of ramets per square meter was on an average 12.5 at Site A, 26.5 at Site B, 120 at Site C, and 160.5 at the reference site (R). The age structure of the population at Sites A, B and C was strongly affected by the high mortality rate at these sites (Spearman's test, R = −0.68, p < 0.001). The proportion of young ramets was significantly higher in the waterlogged sites. Mean ramet age was 1.8 years at Site A, 2.5 years at Site B, 3.1 years at Site C, and 7.0 years at the reference site. Maximum ramet age was between five and seven years at Sites A, B and C, and seventeen years at the reference site. The age distribution varied widely from site to site, depending on the degree of waterlogging. The age distribution at the reference site was more uniform than at the other sites.
Density of
The height of ramets was also strongly affected by increasing waterlogging (Spearman's test, R = −0.67, p < 0.001). Mean ramet height was 12.2 cm at Site A, 14.1 cm at Site B, 21.0 cm at Site C, and 55.2 cm at the reference site. Mean ramet height was strongly correlated with mean ramet age (Spearman's test, R = 0.87, p < 0.01). The relationship between ramet height and age was linear for the first nine years, and tend to stabilize in older ramets (data not shown). Mean ramet height was 8.6 cm in one-year-old ramets, 13.9 cm in two-year-old ramets, 16.6 cm in three-year-old ramets, and 25.0 cm in four-year-old ramets. In ramets that were between nine and thirteen years old, mean ramet height was between 56.6 and 82.6 cm.
Discussion
Waterlogging strongly affected abundance, population dynamics, and growth parameters in B. nana at the sites examined in this study. Increased mortality and decreased vegetative reproduction were the causes of this phenomenon.
The high mortality rate in mature ramets at the waterlogged sites increased the proportion of young ramets in the population. This in turn reduced the proportion of flowering ramets, thereby reducing the efficiency of sexual reproduction. In other words, waterlogging indirectly reduced sexual reproduction by affecting the age structure of the population.
Because it is difficult to describe clonal assemblages in terms of individual plants, other parameters such as leaves, buds and ramets are used to study population dynamics in clonal plants. In B. nana, ramets grow vertically from horizontal rooted branches that lie embedded in the peat layer (Kudryashov et al. 1968) . The underground stems are usually much older than the aboveground ramets, and are usually decades old. In some cases, they can be over one hundred years old (de Groot et al. 1997) .
In the population studied, only older ramets were fertile. Similarly, proportion of fertile rosettes of Drosera rotundifolia and D. anglica increases with rosette size (Nordbakken et al. 2004 ). However, ramets more than thirteen years old were infertile. During the course of this study no seedlings were found, in spite of the fact that flowering and fruit production took place. This suggests that sexual reproduction in B. nana is relatively rare. The low germination rate was probably due to environmental factors such as the thickness of the moss layer (Overbeck et al. 2003) .
Plants that have an increased capacity for vegetative reproduction generally have a reduced capacity for sexual reproduction (Silvertown et al. 1993) . It is tradeoff between two of reproductive strategies. This is true for B. nana as well. In B. nana, sexual reproduction plays an insignificant role in regeneration, and regeneration is almost entirely due to vegetative reproduction. The seed bank of B. nana is also not important as far as regeneration is concerned (Ebert & Ebert 1989; Silvertown et al. 1993) .
Vegetative reproduction minimizes mortality in young ramets. This is a common strategy in alpine and arctic plants, which grow in nutrient-poor habitats. This strategy is advantageous when seedling development is impossible because the vegetation cover is dense or the litter layer is thick (Grime 2001) .
The integration of the ramets within a clone makes it possible for carbohydrates to be redistributed to parts of the clone which may be suffering from carbohydrate deficiency. This enables the clone to withstand environmental stress in habitats where resources are unevenly distributed. This has been observed to occur in during the development of clones of Betula nana ssp. exilis on rubble in the tundra (Kudryashov et al. 1968; Shumway 1995) . A similar process seems to have been at work in the clones of B. nana growing in the peat bog examined in the present study.
In the study population, waterlogging reduced vegetative growth in new ramets and reduced shoot growth in existing ramets. The higher values of annual growth of long shoots for more waterlogged Sites A than Sites B and C may be due to the relative high proportion of one-year-old and two-year-old unbranched ramets in which only vertical long shoots occur. Its growth was more intense than the growth of lateral long shoots of other stages.
Waterlogging has been reported to reduce growth in other wetland herbaceous and woody species as well (Squires & van der Valk 1992; Kozlowski 1997; Lenssen et al. 2000) . The reduction in vegetative growth is primarily due to reduced oxygen availability, which causes the build-up of organic acids and alcohols in the plant cells. On the other hand, vegetative growth may also be limited by a reduction in the availability of carbohydrates because they are consumed during fermentation (Verpatian & Jackson 1997; Lenssen et al. 2003) .
Production of long lateral shoots is a valuable strategy which can give a plant competitive advantage. In tundra, the production of long shoots plays an important role in the development of a dense canopy which limits the supply of light to other species. In B. nana an increase in growth can be achieved by switching from the production of short shoots to the production of long shoots. This plasticity allows B. nana to dominate in environments changing by fertilization (Bret-Harte et al. 2001) . The reduction of plant growth in response to waterlogging may play a role in shaping plant communities in peat bogs.
Flooding can increase mortality in aquatic macrophytes (Squires & van der Valk 1992) . In B. nana, the response of ramets to waterlogging depends on their developmental stage. Older ramets are more susceptible to waterlogging than young ramets. Hydrological conditions therefore have a great effect on mortality in mature ramets, whereas they have little effect on mortality in young ramets. It is an unusual situation for mortality of clonal plants to be higher in older ramets that in young ramets (Tanner 2001) .
In the present study, the age and size distributions in the B. nana communities agreed with the data on population dynamics. The low proportion of old ramets at the waterlogged sites was due to the high mortality rate in the mature ramets. The age and size distributions also corresponded well the developmental stage distribution. At the waterlogged sites the proportion of small, young ramets was high, and the proportion of large, mature vegetative and generative ramets was low. Changes in age and size distribution have been observed in other perennial plant species in response to various natural and anthropogenic factors such as frequent fires or mechanical destruction of plant cover (Quintana-Ascencio & Moralez-Hernandes 1997; Dietz & Ulmann 1998) .
Samples for age and size measurements were collected only in 2001. Nevertheless, the results can be projected for 2002 and 2003 because the data on population dynamics for the three consecutive years were generally similar (Fig. 2, 6 ). Differences in the age and size distributions between the sites were primarily due to long-term waterlogging on demographic processes. The reduction in oxygen availability caused by waterlogging can reduce growth and cause degeneration in roots, thereby reducing growth and branch formation in ramets. Anoxia due to waterlogging also reduces the activity of mycorrhizae (Kozlowski 1997) .
Clones of B. nana growing in waterlogged soils have shallow root systems that spread over a large area. The ability to form a shallow, spread-out root system and the ability to constantly generate adventitious roots are adaptations which enable plants to survive in areas underlain by permafrost, and where the soil is saturated with water (Polozova 1964) . The root systems of B. nana penetrate to a depth of 40 to 45 cm. However, the bulk of the root systems is only 10 to 20 cm deep. Therefore, mortality in the study population was especially high at the waterlogged sites, where the high water table reduced the thickness of the aerated layer. Because larger, older clones have to have deeper root systems, they cannot develop in habitats with a high water table. This may explain why mortality was so high in older ramets at the waterlogged sites. On the other hand, in wetland habitats, light-demanding species may exist due to elimination of competing species (Knox 1997) . Probably the potential competitors of B. nana are eliminated by high water table. Fire plays a role in determining light availability in communities of Betula glandulosa, which is closely allied to B. nana (de Groot & Wein 1999) .
Tolerance to flooding determines the spatial distribution of many plant species in wetlands. Vegetative reproduction in flooded habitats may be limited to those areas where the water table is lowest (Squires & van der Valk 1992; Lenssen et al. 2000) .
Waterlogging eliminates older ramets which are capable of flowering. Therefore, flowering and seed production are greatly reduced in habitats with a high water table. Sexual reproduction in woody plants can also be limited cause of low recruitment and seedling growth (Gunnarson & Rydin 1998) .
The present study supports the hypothesis that hydrological conditions affect the population density and distribution of B. nana in peat bogs. The reason why B. nana does not grow in certain areas of a heterogeneous peat-bog may be that the water table is high in these areas. The distribution of B. nana in peat bogs is primarily limited by two demographic factors: the high mortality rate in older ramets, and the low rate of vegetative reproduction. Another contribution factor is that the proportion of older fertile ramets is low.
Betula nana is spreading northward in the arctic because of global warming (Bret-Harte et al. 2001; Sturm et al. 2001) . The results of the present study show that B. nana is sensitive to hydrological conditions. The higher temperatures and lower precipitation associated with climate changes can cause a peat bog to dry out. A drop in the water table during the drier seasons would increase abundance of B. nana and eventually enable larger shrubs and trees to grow in areas which had been previously unforested (Frank & Schmeidl 2000) . The increase in growth in B. nana would eventually be counteracted by light competition from taller shrubs and trees. The long-term effect of global warming on peat bogs in central Europe would then be similar to the effect of wetlands drainage.
